Abstract Southern Ontario, Canada, has been impacted in recent years by many heavy rainfall and flooding events that have exceeded existing historical estimates of infrastructure design rainfall intensity-duration-frequency (IDF) values. These recent events and the limited number of short-duration recording raingauges have prompted the need to research the climatology of heavy rainfall events within the study area, review the existing design IDF methodologies, and evaluate alternative approaches to traditional point-based heavy rainfall IDF curves, such as regional IDF design values. The use of additional data and the regional frequency analysis methodology were explored for the study area, with the objective of validating identified clusters or homogeneous regions of extreme rainfall amounts through Ward's method. As the results illustrate, nine homogeneous regions were identified in Southern Ontario using the annual maximum series (AMS) for daily and 24-h rainfall data from climate and rateof-rainfall or tipping bucket raingauge (TBRG) stations, respectively. In most cases, the generalized extreme value and logistic distributions were identified as the statistical distributions that provide the best fit for the 24-h and sub-daily rainfall data in the study area. A connection was observed between extreme rainfall variability, temporal scale of heavy rainfall events and location of each homogeneous region. Moreover, the analysis indicated that scaling factors cannot be used reliably to estimate sub-daily and sub-hourly values from 24-and 1-h data in Southern Ontario.
INTRODUCTION
Heavy rainfall events with their associated floods and economic damages are of great interest to hydrologists, engineers, policy makers and the financial sector including the insurance industry. Heavy rainfall events in recent decades have caused large-scale flooding in different parts of the world, resulting in enormous financial losses (damages to infrastructure) and, in some cases, mortality, particularly in urban centres. Examples include: summer 2007 in the UK, August 2007 in India, April 2004 in New Zealand, September 2003 in South Korea, and summer 1997 and 2002 in the Czech Republic (Munich Re 2008) . Heavy rainfall events and floods have also become one of the most recurrent natural hazards in Canada. Some selected examples of heavy rainfall events and associated insured losses in Canada, specifically in the Province of Ontario and particularly near the study area, are shown in Table 1 . The impacts of extreme rainfall events are dependent on the duration, as well as amount of the heavy rainfall.
The meteorological processes responsible for producing heavy rainfall on various temporal scales are generally associated with either localized convective storms (typically classified as short-duration events), larger-scale synoptic storm systems (typically classified as long-duration events), and remnants of tropical storm systems, or their combinations. Each of these meteorological processes can be characterized by unique spatial and temporal scales, seasonality and form of the rainfall (steady rain, showery, etc.). These processes and their extreme rainfall characteristics are of fundamental importance for water control infrastructure design systems, as indicated in Tables 1 and 2 . The climatic design indicators in Table 2 are currently used as guidelines for the design of stormwater infrastructure in Canada, as well as other countries. However, of these indicators, rainfall intensity-duration-frequency (IDF) information has one of the most important roles in urban planning and estimation of stormwater project costs, since these values are largely utilized to guide the limit of system capacity through design discharges for storm sewers and culverts.
Under climate change, the Intergovernmental Panel on Climate Change (IPCC 2007) has projected increases in the frequency and intensity of heavy rainfall events for several parts of the world, including within Canada. In some regions, including parts of Canada, where sufficient historical climate records are available, increasing extreme and average rainfall trends have already been detected (IPCC 2007) . However, Vincent and Mekis (2006) have suggested that the lack of consistent patterns in extreme precipitation trends within Canada highlights the need for regional studies to explore local characteristics of precipitation extremes and to consider requirements for rainfall data networks. Given the impacts of heavy rainfall events on the performance of existing water Table 1 Examples of heavy rainfall events that have occurred in Ontario in recent years, with a focus on those that have occurred near the study area (see Fig. 1 Sequences from 6 h to 3 days 2, 10 and 100 years
Storage structures for quality control and impacts on receiving waters Critical temperature sequences
Storage structures for quality control and impacts on receiving waters
Time step of 1-h and sequences of 8-24 h 2, 10 and 100 years Source: Watt et al. (2003) .
control infrastructure (e.g. stormwater drainage and wastewater systems), it is very important to improve our understanding of the variability in the frequency and intensity of heavy rainfall events and their current and projected trends. Since Iwashima and Yamamoto (1993) first reported increases in intense daily precipitation using data from Japan and the USA, many extreme rainfall trend analysis studies have been published. These include a number of studies of extreme rainfall trends in Canada (e.g. Stone et al. 2000 , Kunkel 2003 , Vincent and Mekis 2006 , Peterson et al. 2008 . Specifically within the Ontario case study region, Adamowski et al. (2009) analysed annual short-duration extreme rainfall for 15 stations in Ontario and found increasing trends for all short durations. However, the majority of the trends were not statistically significant and no uniform rates of change were found at the stations. Adamowski and Bougadis (2003) utilized 44 rate-of-rainfall or tipping bucket raingauge (TBRG) stations in Ontario with record lengths between 1971 and 1995 to analyse the regional trends in annual heavy rainfall using the L-moments method and Mann-Kendall test for short-duration data (5-, 10-, 15-and 30-min, and 1-, 2-, 6-and 12-h duration). Significant trends were found in six out of eight regions for the short 5-and 10-min rainfall durations, although the majority of the trends were not determined to be statistically significant.
The IPCC (2007) has projected an increase in annual mean precipitation in response to possible increases in global mean temperature during the 21st century over most of North America. Over Canada, several studies projected widespread increases in extreme precipitation, with potentially higher risks for flooding from heavy rainfall events in future (Christensen and Christensen 2007) . Generally speaking, it is projected that changes in precipitation extremes will be larger than changes in mean precipitation (Meehl et al. 2007) , which has significant implications for the design of water control infrastructure (e.g. storm water drainage systems).
Since past experience in Canada and elsewhere demonstrates significant infrastructure losses from extreme rainfall events, infrastructure that is designed and built using rainfall design values derived from historical extreme rainfall events will come under greater risks in future if the frequency, magnitude and/or intensity of heavy rainfall continues to increase due to the changing climate. Consequently, there are growing demands for revisions to the existing design criteria for infrastructure, including measures needed to consider current trends in rainfall and future climate change (Fowler and Kilsby 2003 , Auld 2008 , Cheng et al. 2010 , 2011 .
A first necessary step towards the design of water infrastructure that will be more resilient to potential increases in extremes in the future is to ensure that the rainfall design values optimally capture the risks associated with the most recent climate conditions, and that the best data and methods are considered in the development and use of these values. These earlier adaptation steps are often known as "no regrets" adaptation actions (Auld 2008) . This study considers "no regrets" actions for improving and updating rainfall design values to reduce risks for water infrastructure by exploring and developing new methodologies for updating the historical rainfall intensity-durationfrequency (IDF) curves.
Environment Canada (EC) has traditionally used point rainfall gauge data to produce and subsequently update rainfall intensity-duration-frequency (IDF) curves for several hundred locations across Canada. These point IDF curves have been derived from the annual maximum rainfall series for sub-daily (5-, 10-, 15-and 30-min, 1-, 2-, 6-and 12-h) and 24-h durations, and estimated by the extreme value (EV) Gumbel distribution, fitted using the method of moments. The IDF information has been calculated using the rate of rainfall recording raingauge data from stations with 10 years or more of data (typically TBRG). However, in view of the limited number of TBRG stations in the study area, and the need for a minimum record length to estimate IDF return period extreme rainfall curves for point stations, past evidence has indicated that traditional point estimation approaches can provide conflicting and inconsistent information regionally and that userselected IDF point curves may not be climatologically representative or may be inconsistently interpolated for the locations of interest.
Regional rainfall frequency methodologies are available to reduce the uncertainties associated with point IDF values. These "regional frequency analysis" (RFA) methodologies (Hosking and Wallis 1997) incorporate the most recent extreme rainfall events and apply improved hydrological approaches that should better capture extreme rainfall hazards and risks. The regional frequency approach has the potential to provide greater accuracy than traditional use of point raingauges and IDF values due to the incorporation of more information from the sub-daily recording raingauges (e.g. TBRGs).
The main objective of the present study is to better incorporate quality controlled daily rainfall data in addition to the traditional sub-daily (TBRG) data in order to identify climatologically and statistically homogeneous regions of extreme short-duration rainfall events, and to subsequently estimate their respective return periods. This study also evaluated a number of commonly used distributions for best fit and assessed whether scaling factors can be used as an alternative method to estimate sub-daily values from 24-h rainfall data and sub-hourly values from 1-h rainfall data in the study area. The research demonstrated that, in addition to statistical methodologies, the analysis of meteorological processes associated with extreme rainfalls provides additional insight for identifying and classifying climatological regions of extreme rainfall.
DATA AND METHODS

Study region
The study area lies in the southernmost part of the Province of Ontario, Canada ( Fig. 1 ) with an area of approximately 100 000 km 2 accounting for about 10% of the Province's area. About 80% of the provincial population, almost one-third of the population of Canada, lives in the study area (∼11 million people). Weather and climate stations in the area vary in elevation, from 76 to 480 m above sea level (a.s.l.). Based on these stations, the mean annual precipitation for the Climate Normals period, 1971-2000, varies from the lowest recorded value of 793 mm (Toronto Pearson Airport) to the highest observed value of 1184 mm (Blyth) (see Fig. 2 for station locations).
Rainfall extremes in eastern Canada, including the study area, are also influenced by convective, synoptic and tropical systems (including hurricanes and their remnants). Tropical systems typically form over the Caribbean region in the late summer or early autumn and dissipate as they move northward near the east coast of the USA and Canada or inland over eastern North America. The weakening results as the storms' sources of energy, moisture and warmth gained from tropical waters decrease. Other rainfall extremes that impact the study area result from warm season severe convective rainfall events that yield intense winds, heavy rainfall and sometimes hail (and include tornadoes). Convective processes tend to account for extreme rainfall events of 2-6-h and shorter duration while synoptic events can dominate rainfall extremes for durations of around 12 h and longer (Hand et al. 2004) . Combinations of these synoptic and convective rainfall processes tend to bridge the durations and spatial scales between the two.
Extreme rainfall events are also enhanced by local, regional or topographical effects. Regionally, the Great Lakes of North America are associated with the transport of moisture and heat to the study area, with their influence most pronounced over the lakes themselves and inland as much as 50 km along their down-wind shores (Estoque 1981, Estoque and Gross 1981) . King (1996) suggested a connection between the occurrence of severe weather in Southern Ontario and lake breezes. Environment Canada and several universities located in southwestern Ontario coordinated a scientific experiment in the summer of 2001 with the objective of improving the understanding of lake breeze circulations and their interactions with severe weather, particularly convective events. The experiment was undertaken in the study area during a hot and unusually dry summer (2001), which resulted in more frequent lake breezes and less severe weather than normal. However, most of the severe thunderstorms that did occur during this summer were initiated or enhanced by lake breeze fronts (Sills et al. 2002) . King et al. (2003) utilized Geostationary Operational Environmental Satellite (GOES) images to illustrate the cloud patterns associated with lake breezes during summer-time convection in Southern Ontario and suggested that these lake influences can also alter severe thunderstorm intensities and frequencies during the spring and summer. Other local influences on rainfall extremes include the existing highland regions that run along and through the centre of the study area, as well as the Niagara Escarpment, which stretches from Georgian Bay to eastern Lake Erie (Figs 1(b) and 2).
Data set
This study focuses on rainfall durations ranging from 5-min to 24-h. The rainfall data used in this study were extracted from Environment Canada's National Climate Data Archive. The Archive contains historical quality-controlled climate records for all volunteer quality-assured climate stations in Canada. The rainfall data cover two sets of temporal scales, corresponding to daily (climate stations) and sub-daily/24-h (TBRG stations). This database and minimal missing data for analyses.
Data quality controls
Typically, most extreme rainfall and IDF analyses pay scant attention to rainfall measurement uncertainties and data errors. The majority of rainfall design value studies subsequently assume that the precipitation data sets and particularly the extreme rainfall data sets are essentially error-free. Strong evidence from this and other ongoing studies indicates that this is seldom the case in theory and in practice (Petersen-Øverleir 2005) . In several cases, additional data quality controls were required to the already quality-controlled and archived rate of rainfall data. The analysis of annual extremes of hydrological and meteorological variables is also frequently complicated by the presence of missing values in a data record. The approach used in this study was to flag all years with incomplete data records and to undertake careful checks before omitting the year from the maximum rainfall series. Additional checks before omission of a year included consideration of the seasonality of the missing data, and the relative significance of the annual extremes for incomplete years of record. An extreme rainfall event was included, regardless of the amount of missing data during that year, if the extreme was significant relative to other annual extremes at the station, supported by neighbouring stations' extreme events and corroborated by other meteorological evidence, including radar, satellite, ancillary data and meteorological charts. For the climate stations, a data completeness threshold of 90% was applied. Additional quality-control measures were applied before using the extreme rainfall data, including cross-checking with all rainfall information obtained from the climate archives. The 24-h total rainfall from a co-located standard Meteorological Service of Canada MSC Type B raingauge was used to adjust the TBRG rate of rainfall amounts.
Methodology
Regional extreme rainfall frequency approaches are used to reduce uncertainties in point or site IDF rainfall design values. A core idea behind the use of the RFA approach is the substitution of "time for space", allowing for more reliable quantile estimates of extreme rainfall based on a multi-site analysis compared to a single-site approach (Gáal et al. 2007 ). This method is based on L-moments, which are linear combinations of probability weighted moments (PWM, Hosking 1990 ). Another principal advantage they have over the conventional moments approach is to be more robust and less sensitive to outliers in the data. Regional approaches assume that different raingauge stations can be grouped into homogeneous regions of similar extreme rainfall characteristics based on statistical approaches and a comprehensive understanding of regional meteorological influences on extreme rainfall. By grouping rainfall stations into climatologically homogeneous regions, the shape parameters of the rainfall frequency distribution curves can be better estimated from an increased data set based on the combination of stations in a climatic region rather than from an individual site. This procedure also provides the potential for more reliable extrapolation of rainfall extremes to longer return period values.
In the past, various regionalization approaches have been applied in Canada (e.g. Burn 1990 , Pilon et al. 1991 for extreme flow and rainfall analysis, respectively. Burn (1990) compared the region of influence (ROI) approach with the traditional regionalization technique (principal component analysis) and found that the ROI approach was more flexible than the traditional regional techniques. A regional analysis of annual maximum rainfall for 75 raingauges for 5-, 10-, 15-, 30-min and 1-, 2-, 6-, 12-and 24-h durations in the Province of Ontario was completed by Pilon et al. (1991) . They found that the Gumbel I distribution was not generally valid for all of the durations considered in their analysis. The current study applies the RFA methodology of Hosking and Wallis (1997) , which has been widely used worldwide to regionalize extreme rainfall data for IDF analysis (Bradley 1998 , Sveinsson et al. 2002 , Fowler and Kilsby 2003 , Trefry et al. 2005 The RFA technique has been applied in Canada as an approach for delineating homogeneous regions, and as an auxiliary approach for supporting the identified homogeneous regions of annual maximum and partial duration flood defined by nonparametric methods (Adamowski 2000, Adamowski and Bougadis 2003) . In these studies, Southern Ontario was subdivided into two large homogeneous regions. However, several locations within the homogeneous regions identified within this study do not show similar hydrological, climatic and physiographic characteristics, as expected with Hosking and Wallis' method (1997) .
The RFA methodology, based on L-moments, assumes that stations from a homogeneous region represent an identical frequency distribution apart from a site-specific scaling factor. This methodology involves four analytical steps, as outlined by Hosking and Wallis (1997) , and has the advantage of providing increased accuracy in the final quantile estimates, since more data are used for the regional analysis and improved estimates of the L-moments. The methodology also has the advantage of reducing the influence from sampling variability compared to the conventional method of moments (Hosking 1990 ).
This study adopted a variety of measures to initially identify similarities and dissimilarities between potential homogeneous regions for extreme rainfall climatology. These measures included use of climate maps of 30-year average or "normal" rainfall, expert climate and meteorological judgment, forensic analyses of extreme rainfall events, trend analyses of meteorological processes influencing extreme rainfall events (e.g. convective forcing, tropical moisture), topographical mapping, as well as 1-, 2-, 6-, 12-and 24-h maximum rainfall values detected from radar analyses. The results highlighted the importance of finding and using alternative data and other information when attempting to identify smaller homogeneous regions with similar extreme rainfall characteristics, particularly when users require finer spatial scales of resolution (e.g. urban drainage considerations).
Subsequent to choosing stations of suitable record length for the analysis, as described previously, the current study considered the available TBRG stations and their relatively low spatial density. A clustering approach was used to optimize station distributions and compensate for spatial density deficits in daily climate and TBRG stations in the Southern Ontario study region (Fig. 2) . The correlation between station rainfall intensity and site characteristics (for example, latitude, longitude, elevation, mean annual precipitation, total rainfall in the warm season, and annual maximum rainfall series-AMS-for daily duration) were assessed to determine the best clustering method for the rainfall database in Southern Ontario through the centroid, K-mean and Ward clustering methods. The results indicated that Ward's method (1963) , based on the lesser variance between the groups, statistically provided the best climatic and geographical coherence for identified regions within the study area. Hosking and Wallis (1997) also drew similar conclusions in their analyses.
Following the identification of clusters of stations and potential homogeneous regions, the four steps of the Hosking and Wallis (1997) approach were applied:
1. screening the data; 2. validating the identified clusters found by Ward's method throughout the warm season and AMS for daily, 24-h and short-duration data; 3. selecting an appropriate statistical distribution; and 4. determining the regional quantile estimates for different durations.
Regional homogeneity tests were applied for discordance and heterogeneity measures to assess the homogeneity of each identified region. Previously all annual maximum daily values from locations without TBRGs (i.e. daily climate stations denoted by black dots in Fig. 2 ) were converted to an equivalent 24-h rainfall amount by multiplying the daily rainfall by the Hershfield factor: 1.13 (Hershfield and Wilson 1957) . The reliability of this coefficient was tested in locations throughout Southern Ontario with colocated climate and TBRG stations. The comparison between regions for the 24-h and sub-daily durations became very difficult to carry out, since, in some cases, climate stations did not have corresponding short-duration data and some homogeneous regions identified for 24-h rainfall extremes only included two or three TBRG stations.
DATA ANALYSIS AND RESULTS
Preliminary clustering of homogeneous regions
The potential homogeneous regions obtained using the annual precipitation, total warm season and AMS for daily and 24-h rainfall data for the 92 sites distributed throughout Southern Ontario were identified statistically by Ward's, centroid and K-means methods. Results indicate that Ward's method displayed more coherence with regional physiographic characteristics compared to other clustering methods when used as a statistical tool for identifying homogeneous regions.
Discordance (D i ) and heterogeneity (H) measures
The results obtained through the clustering approach were tested using the discordance measure (D i ), in order to determine whether to remove a daily or subdaily observing site from a region, and to check for possible errors in the station rainfall database. For more detail on the discordance method used, refer to Appendix A. The discordance measure was able to determine, for example, that the three stations in Southern Ontario (Exeter, Thornbury Slama and St Thomas) needed to be re-grouped to a different cluster or region than initially estimated, a result that was also more consistent with accepted knowledge and ongoing studies of regional climatological processes. Likewise, a heterogeneity measure (H) was applied to each of the preliminary homogeneous regions to assess whether the initial regions were acceptably or statistically homogeneous. A detailed description of the heterogeneity measure is presented in Appendix B. Toronto North York, Orillia and Elora climate stations and Toronto North York, Toronto Island Airport and Harrow TBRG stations were not considered in the first clustering analysis (Wards' method) because they did not meet the criteria with a record length of 25 or more years. However, these stations were included in the second clustering analysis (Hosking and Wallis' approach) .
Homogeneous regions
The results of the analyses are shown in Fig. 3 , along with the physical and climatic characteristics of the regions in the study area (Table 3 ). Figure 3 presents the nine different homogeneous regions for 24-h rainfall extremes using climate and TBRG stations, identified through the D statistic and H statistic. These homogeneous regions in Southern Ontario were also tested for consistency in daily and AMS for 24-h and sub-daily rainfall data. define which region they belong to, perhaps due to insufficient spatial density or distribution of available stations to adequately resolve significant regional or smaller-scale topographical influences. As illustrated in Fig. 3 , region R6 showed similarities to R4 and R7. Subsequently, R6 was determined to be statistically and climatologically representative of a region of transition for extreme rainfall, for statistical and climatological reasons.
When only data from TBRG stations were utilized, regions R1, R4 and R5 failed the statistical H tests for some durations ( Table 4 ). Note that the sub-daily analyses were conducted with only 32 TBRG stations, while 24-h analyses were conducted with the same 32 TBRG stations plus 63 available climate/rainfall-reporting stations. Further research is underway to supplement the sub-daily rainfall measurements with radar climatological analysis, surface weather map analyses, synoptic map typing approaches and satellite imagery to confirm (or reject) the relationship between the climatological homogeneous zones identified through the RFA methodology for 24-h extreme rainfalls captured by 95 stations and the limited number of sub-daily or TBRG stations. Blumenfeld and Skaggs (2004) found that the density of precipitation monitoring stations strongly influenced the magnitudes of the rainfall annual maxima observed and analysed for the state of Minnesota, USA. Greater station densities typically resulted in higher rainfall extremes in an analysed grid cell, and a greater ability to resolve the "true" rainfall extremes. In their study, Blumenfeld and Skaggs (2004) found that a station network density of approximately "nine stations per 100 km 2 " was "optimal" for capturing rainfalls from mesoscale convective extreme events, such as thunderstorms. Their study indicated that station networks with less than this optimal density increased their likelihood of not capturing extreme events due to very intense short-duration rainfall events falling between stations. Their findings also indicated that extraordinarily high observer densities, beyond nine stations per 100 km 2 , did not add significant information on small-scale extremes.
Analysis of rainfall data
L-moment ratios were used to investigate regions that indicate differences in the variability (high coefficient of variation, L-CV) and occurrences of intense rainfall events (high coefficient of skewness, L-skewness) (Fowler and Kilsby 2003) . Figure 4 shows mean values of L-CV versus L-skewness for each of the nine homogeneous regions. As indicated in Fig. 4 , there are three distinct groups within the study area: those with lower L-CV values (shown to the left on Fig. 4 ), another group with higher L-CV values (to the right) and a mid-range set. The lower L-CV groups consist of regions R8 and R1, while the highest L-CV values apply for regions R4 and R5. It is postulated that the differences in ranges of L-CV values can be linked with consistent synoptic and/or local-scale influences or forcing functions for extreme rainfall. The initial analysis of the meteorological mechanisms responsible for heavy rainfall events in the study area suggests a possible connection between variability, temporal scale of rainfall events and/or the location of each region, given that the two regions with the highest variability coincide with areas of lake breezeenhanced convection and high tornado activity in Southern Ontario (R4 and R5). In contrast, the regions with the lowest variability (R1 and R8) represent areas where small-scale convection can be suppressed by proximity to the Great Lakes.
Regional distribution of probability
For all nine identified regions for extreme 24-h rainfall, Table 5 shows the Z-statistic results for each of the five distributions of the three parameters that satisfy the condition of |Z DIST | ≤ 1.64: GLO-generalized logistic; GEV-generalized extreme value; GNO-generalized normal; PE3-Pearson Type III, and GPD-generalized Pareto (refer to Appendix C for more details on the goodness-of-fit (Z statistic)). The GEV distribution that best fits the data within a region is the one with a Z value closest to zero. Through these assessments, the GEV and GLO distributions were found to be the three-parameter distributions that most satisfied the Z statistic condition, for 27 and 26 rainfall durations, respectively, in the nine identified regions.
Return period estimates
The Hosking and Wallis approach assumes that all sites within a homogeneous region may be described by regional IDF design values apart from a sitedependent scale factor. Then, the IDF estimate Q i (T) is obtained at site i for the T-year event through the following equation:
where the scale factor μ i , is the mean of the annual maximum rainfall series and duration d (5-min to 24-h), and the dimensionless growth factor q(T) represents the relationship between storms and return period. A detailed description of the IDF estimate Q i (T) is presented in Appendix D. The IDF estimates for the nine homogenous regions for several durations and return periods may be calculated through the three-parameter distribution that best fits the data within each region and compared with the traditional at-site Gumbel method adopted by Environment Canada. Given the challenges of estimating reliable regional quantiles using a greatly reduced number of short-duration recording raingauges, the climatological homogeneity of potential 1-h rainfall regions was tested by assessing the consistency of the 1-h extremes within the nine regions that were homogeneous for the 24-h durations. Only region R2 was considered here for illustrative purposes, because this region passed the H tests for both the 1-h and 24-h rainfall durations and showed the highest number of sub-daily stations. The differences between the RFA estimates of 1-h and 24-h rainfalls and traditional Gumbel point station estimates were assessed, and the relationships between the 24-h and 1-h rainfall durations were tested for this region (discussed further in the following section on Scaling Factors).
Return periods of 2-, 5-, 10-, 20-, 50-and 100-year extreme rainfalls were estimated for the 24-h and 1-h durations defined for region R2 identified through the RFA approach. The Hosking routines were used to identify the statistically best-fitting distributions and estimate their IDF values for each individual frequency and duration in R2. The codes were modified to estimate the regional quantiles for the Gumbel distribution, given that the objective here was to compare the RFA results with the official IDF curves produced by Environment Canada. The results from RFA-Gumbel were then compared with the "traditional" IDF values obtained through the Gumbel distribution for point locations at Toronto Pearson Airport, Toronto City and Oshawa (Fig. 5) . The results illustrated in Fig. 5 indicate that, in general, the return period for the 1-h duration shows small differences between RFA-Gumbel and traditional Gumbel point station IDF methods. For example, the regional estimate for the 1-h extreme rainfall duration was found to be 7% lower than the traditional Gumbel-derived value for the 100-year return period in Toronto (City). The 24-h return period rainfall in Oshawa showed higher differences because the RFA approach is less sensitive to outliers such Percentage differences between the RFA-Gumbel and Gumbel derived station (a) 1-h duration rainfall and (b) 24-h duration rainfall for three stations in region R2 (see Fig. 3 ). Percentage differences between the RFA-best-fit and Gumbel derived station (a) 1-h duration rainfall and (b) 24-h duration rainfall for three stations in region R2 (see Fig. 3 ).
as the 12-and 24-h rainfall extreme of 144.2 mm recorded in 1971. The 24-h regional IDF values were approximately 16% lower than the single station 50-100 year return period-derived values for this station.
The differences between IDF values estimated through best-fitting distributions using the regional procedures and IDF amounts calculated by the traditional point station method are shown in Fig. 6 . Results for one sample station in R2, Toronto Pearson Airport, show that the 50-year and 100-year return period RFA values are higher than the single station IDF Gumbel results. This result is similar to the findings for most other stations (not shown here). When comparing the Gumbel and the RFA analysis for the same data period, the differences can be primarily attributed to the fact that the 3-parameter distributions used in the RFA are more sensitive to the presence of outliers than the 2-parameter Gumbel estimates. Further studies are required to confirm potential links between the density of rainfall stations and differences between regional and traditional point IDF estimates.
In Appendix E we have presented comparisons of return period rainfall amounts computed using:
(a) method of moments with a Gumbel distribution for the full period of record from a single station (produced by Environment Canada); (b) the same as (a), but for the period of record 1970-2006; (c) L-moments with the best-fit distribution for a single station (see Table 5 ); and (d) the RFA growth curve for a single station using the best-fit distributions (see Table 5 ).
The current (i.e. full period of station record) IDF values produced by EC for locations within R2 are higher than the Gumbel values obtained using data from the shorter period of record starting in 1970. An exception is Oshawa, where further investigation revealed that an extreme rainfall event needed to be added into the AMS. This extreme event from the annual maximum series has a significant impact on the extreme value estimates for all rainfall durations. For example, inclusion of this extreme-event Oshawa record resulted in an increase in 50-and 100-year return period 12-h and 24-h rainfalls of 32.5 and 38 mm (or approximately 42 and 44%), respectively. This demonstrates the importance of data verification and quality-control measures for any analysis of extreme rainfall data. A comparison of the current IDF values produced by EC for the Toronto Pearson Airport station (Table E1 (a)) with the RFA best-fit distributions (Table E1( d) ) illustrates how this approach can trade space for time. The EC single station with longer period of record provided similar results to IDF values estimated by the RFA method that used a shorter period of record. Table E4 compares point station best-fit accuracy measures to RFA best-fit distribution for the same period of data record for a sample station, Toronto Pearson Airport. The results show that the regional approach is less sensitive to outliers with less uncertainty in the return period rainfall frequency values.
Scaling factors
Stormwater management practitioners often require rainfall information at finer temporal scales (e.g. subhourly or sub-daily rather than daily rainfall data), which poses challenges for the fine-scale resolution of homogeneous extreme rainfall regions. This problem is not exclusive to Canada, but is common to many countries around the world. One method used by several authors in the USA (e.g. Miller et al. 1973 , Bonnin et al. 2006 to compensate for the relatively lower density of sub-daily and sub-hourly stations is to use a "scaling factor" to relate subdaily rainfalls to the daily rainfall and to relate subhourly rainfalls to the hourly extreme. The World Meteorological Organization's Guide to Hydrological Practices (WMO 1994) used set scaling factors to relate rainfall durations shorter than 1 h to the 1-h extreme, and recommended their use when sub-hourly rainfall rate observations are not available. Based on the results from this study for Southern Ontario, it is suggested that scaling factors yield incorrect results in some regions since rainfall events of various durations tend to be each associated with different meteorological processes.
Sub-daily TBRG observations were analysed to determine whether linear relationships or consistent scaling factors existed in R2 (Oshawa, Toronto Pearson Airport and Toronto City) between 24-h rainfall extremes and sub-daily durations and between 1-h and sub-hourly durations. The relationships are shown in Fig. 7 for the Oshawa and Toronto City stations in R2 for the period 1970-2006. Analysis of the 1-and 24-h rainfall data indicated that, for Oshawa, only 2% of the variation in 1-h rainfall could be explained by a linear relationship or scaling factor. This correlation coefficient was found to be statistically insignificant at the 5% significance level (Fig. 7(a) ). For Toronto Pearson Airport, the linear regression could only explain about 10% of the variation in 1-h rainfall. The correlation coefficient was also insignificant (Fig. 7(c) ). The only significant linear relationship was found for the Toronto City station, with 53% of the variation in the 1-h rainfall explained by the 24-h rainfall (Fig. 7(e) ). The 5-min and 1-h linear regression analysis for the three stations (Oshawa, Toronto Pearson Airport and Toronto City) was able to explain 30%, 55% and 44% of the variations in 5-min rainfall based on 1-h rainfall extremes, respectively (Fig. 7(b) , (d) and (f)). The comparisons indicated statistically significant linear relationships between 5-min and 1-h durations. These results suggest that the scaling factor approach may be inappropriate for estimation of sub-daily and shorter rainfall extremes in the region when the n-min rainfall intensity durations must be directly estimated from linear scaling factors applied to 24-h data. The likely reason 1-h extreme rainfalls did not show significant correlations with the 24-h heavy rainfalls is that the 1-h maximum rainfalls are normally associated with convective-scale processes (e.g. severe thunderstorms), while 24-h maximum rainfalls are linked to large/synoptic and convective-scale processes (e.g. tropical storms and thunderstorms).
Analysis of uncertainties
Further investigation and cross-correlation of the extreme rainfall data against extreme rainfall and other storm impacts information, as well as ancillary meteorological data and radar analyses, indicated the importance of further checks and quality-control measures before undertaking any analyses of extreme rainfall data. In several cases, significant adjustments were required to the already quality-controlled and archived rate of rainfall data. The further adjustments made significant impacts on the final extreme value analyses and results. For example, further investigation indicated that climate archiving data qualitycontrol procedures likely removed an extreme rainfall event (for all durations) from the station record that significantly influenced extreme value estimates for all rainfall durations. The quality-control removal of this extreme event from the official climate archive had a direct impact on the 2003 updated IDF information for this station: the 50-and 100-year return period rainfall intensities for 12-h and 24-h durations were lowered by 32.5 and 38 mm (or approximately 42 and 44%), respectively, from the previous IDF values released in 1995. In other cases, particularly where smaller-scale extreme convective rainfall events dominate, it is critically important to investigate differences in rainfall amounts between stations and to corroborate measurements with radar analyses and understanding of synoptic influences. As illustration, investigation of a heavy rainfall event in southwestern Ontario from August 1998 indicated rainfall amounts of only 3.6 mm at the TBRG station in the area. However, the climate station located a few kilometres to the north (Windsor Riverside) recorded 53 mm for its daily rainfall total, and weather radar from Detroit, Michigan, USA estimated more than 80 mm of 1-h maximum rainfall (Watkins et al. 2002) . This case highlights the need for a sufficient density of short-duration rainfall measurement stations to capture these smaller-scale, but highly significant convective rainfall events.
It is important to understand the various sources of uncertainties in the data, and to undertake additional checks and quality control on the archived data in order to address data uncertainties, since they can have significant implications for the rainfall extreme value analysis. Uncertainties arise for many reasons, including errors or variations in instrumentation and its calibration, inconsistent site exposures, post-record data processing, variable temporal lengths of record, standard sampling errors, insufficient spatial density of TBRG stations to capture finer-scale extreme events, prevalence of small-scale weather patterns, and statistical uncertainties in the methods used for extreme value analysis. Addressing these uncertainties may greatly improve the accuracy of the IDF results. For example, additional quality-control checking (QC) measures need to be devised and tailored for the climate variable under consideration when using archived rainfall extremes. These additional QC measures include a check of alternative data sources, such as weather radar, and use of ancillary data, including stations operated by various agencies in the study area.
CONCLUSIONS
This study has outlined the procedures used to identify homogeneous regions of extreme rainfall climatology in Southern Ontario. Homogeneous regions were defined through clustering and regional frequency analysis approaches. The statistical approaches used for the regional analyses were constrained by the relatively limited number and density of climate and TBRG data sources. Climate and TBRG stations were used to define homogeneous regions for 24-h heavy rainfall, and these identified homogeneous regions were consistent with collective climatological and meteorological analyses and experience. Nine homogeneous regions were identified over Southern Ontario for warm season, extreme 24-h rainfall data. The analyses of homogeneous regions for shorter rainfall durations, from 5 min to 12 h, proved to be considerably more challenging, since some of the nine identified regions included only two or three sub-daily stations. When regional IDF values were compared with the values obtained through the traditional Gumbel method for point stations, the results indicated good potential for regional frequency analysis approaches as an alternative for estimation of IDF curves in areas with a low density of sub-daily data, since this approach is less sensitive to outliers (see Appendix E). However, further analysis will be needed to investigate potential links between the density of rainfall stations and differences between regional and point IDF estimates.
Through analysis of the means of L-CV versus L-skewness values for each of the nine homogeneous regions identified for 24-h duration extreme rainfalls, it was found that regions R1 and R8 (in Fig. 3) showed the lowest variability, while R4 and R5 demonstrated the highest variability of the nine regions. These results suggest that the more intense 24-h rainfall events occur in southwestern and central regions of Ontario, while less intense rainfall events occur near Lake Huron and Georgian Bay and in the extreme east of Lake Ontario. Other ongoing work to investigate changes or trends in meteorological processes, and the resultant extreme rainfalls of various durations influencing these results, shows promise and will be reported in subsequent papers (e.g. changes in tropical moisture over eastern regions of Southern Ontario). Additional work is ongoing that investigates the links between rainfall station networks, scales of meteorological processes forcing the extreme rainfall events and uncertainties in extreme rainfall estimates.
In most cases, the GEV and GLO distributions were identified as the best statistical fit to the data for a three-parameter distribution in the identified nine regions, since these statistical distributions satisfied the Z statistic condition for 53 of the 81 cases. The GNO, PE3 and GPD distributions were identified as the best statistical fit to the remaining durations.
Scaling factors were tested as an alternative approach to estimating sub-daily values from 24-h rainfall data and sub-hourly values from 1-h rainfall data. The results indicated that scaling factors should not be used to reliably estimate sub-daily and sub-hourly values from 24-and 1-h rainfall data in Southern Ontario, since extreme rainfall events of various durations tend to be associated with different types of meteorological processes.
The study confirmed arguments for an expanded rainfall data network and for a subsequently increased density of TBRG stations in Ontario. In the absence of additional rainfall data, the study highlighted the importance of alternative or supplementary data sources (e.g. radar analyses, ancillary rainfall data sources, forensic analyses of significant events, analyses of synoptic or forcing processes) to improve the accuracy and reduce uncertainties inherent in the estimation of the return periods for sub-daily duration extreme rainfalls. To achieve this objective, Next Generation Radar-NEXRAD-is being investigated as an alternative data source to supplement the relative shortage of sub-daily rainfall measurements, to identify spatial patterns of rainfall extremes and to confirm climatological homogeneous zones defined by the RFA methodology. For a given group or cluster of stations or a homogeneous climate region, the objective is to identify those stations which are grossly extreme rainfall discordant with the cluster as a whole. Given that there are N stations in the group and
T is a vector containing the L-moment ratios of each station i and the superscript T represents transposition of a vector or matrix, then
whereū is the (unweighted) group average and N is the number of sites in the group. The matrix of sums of squares and crossed products, A, is defined as:
The discordance measure, D i , or the test statistic for each station i is defined as:
Station i is considered to be discordant if D i is large. Hosking and Wallis (1993) initially suggested the criterion D ≥ 3 be used to define whether a station disagreed excessively with its region (note: this is not applicable for small groups). The critical value for D i is dependent upon the number of stations in the region. In regions with 10 stations or less, the following criterion is considered for the threshold value of D i :
APPENDIX B Heterogeneity statistic (H)
The objective of heterogeneity measures is to estimate the degree of heterogeneity within a group of stations and to determine whether it is reasonable to treat clusters of stations as a homogeneous region. Assume that the proposed region has N sites, with site i having record length n i and sample L-moment ratios t (i) , t 3 (i) , and t 4 (i) . Then t R , t 3 R and t 4 R denote the regional average L-CV, L-skewness, and L-kurtosis:
Three heterogeneity statistics were used to test the variability of the three different L-statistics, namely H 1 for L-CV, H 2 for the combination of L-CV and L-skewness, and H 3 for the combination of L-kurtosis and L-skewness. According to Hosking and Wallis (1997) , the H 1 statistic is deemed more important than H 2 and H 3 , because variations in the L-CV affect the accuracy of the final quantile estimates much more than variations in the L-skewness or L-kurtosis. H is defined as:
From the simulation, V is the weighted standard deviation of the at-site sample L-CVs and μ v and σ v refer to the mean and standard deviation of the simulated N sim values of V , respectively:
The L-moments tests for heterogeneity fit a fourparameter kappa distribution to the regional average L-moments ratios to generate a series of 500 equivalent regions' data through numerical simulation and compare the variability of the L-statistics of the potential region to those of the simulated series. The cumulative distribution function of the four-parameter kappa distribution is (Hosking 1994) :
where ξ is a location parameter, α is a scale parameter, and k and h are shape parameters. A probability distribution is characterized by location and scale parameters and is typically used in modelling applications. Shape parameters allow a distribution to take on a variety of shapes, depending on the value of the parameters. Hosking and Wallis (1997) suggest that a region can be classified as homogeneous using the following criteria:
-If H < 1, then the region is "acceptably homogeneous"; -If 1 ≤ H < 2, then the region is "possibly heterogeneous"; and -If H ≥ 2, then the region is "definitively heterogeneous";
in which a grouping of sites must therefore have H (i) < 2, i = 1, 2 and 3, to be considered as a possibly homogeneous region (Adamowski 2000 , Bonnin et al. 2006 . Negative values of H indicated that there was less dispersion among the at-site sample L-CV values than could be expected for a homogeneous region with an independent at-site frequency distribution. Where these H values were lower than -2 (H < -2), the preliminary clustered sites were re-examined and potential errors verified (Hosking and Wallis 1997) .
APPENDIX C
Goodness-of-fit measure
For the extreme hydrological frequency analysis, the Z statistic, a goodness-of-fit measure for threeparameter distributions, assesses whether the theoretical L-kurtosis of the fitted distribution is consistent with the regional average L-kurtosis of the observed data (Peng et al. 2010) . This test uses regional data as opposed to single-site information and, therefore, is more reliable than single-site goodness-of-fit testing (Ellouze and Abida 2008) . The Z statistic discriminates between five of the most extensively used distributions in the analysis of hydrological extreme variables, namely: (i) generalized logistic (GLO), (ii) generalized extreme value (GEV), (iii) generalized normal (GN), (iv) Pearson type III (P3), and (v) generalized Pareto (GPD) distributions. These five distributions were considered in this study. 
where τ 4 DIST denotes the L-kurtosis of the fitted distribution, and DIST can be any form of the candidate distribution; t 4 R is the regional average L-kurtosis weighted by record length; σ 4 is the standard deviation of regional average sample L-kurtosis and B 4 is the simulation-based value to correct the bias associated with estimating t 4 R . The term B 4 can be expressed as:
whereas σ 4 is the estimate of the standard deviation of t 4 R obtained from repeated simulation of a homogeneous region whose sites have the candidate frequency distribution and the same record lengths as the observed data: The Z DIST statistic measures how well the theoretical L-kurtosis of the fitted distribution matches the regionally-averaged L-kurtosis of the observed data. The fit of the distribution is declared satisfactory if |Z DIST | ≤ 1.64. Values from the study analysis have met the statistical criterion corresponding to acceptance or failure to reject the hypothesized distribution at a confidence level of 90% (Hosking and Wallis 1997) .
APPENDIX D
Quantile estimate Q i (T) Hosking and Wallis (1997) assume that the index flood is the mean of the frequency distribution at each site and that it is estimated at site i by the sample mean of the at-site data. They define N as the number of stations within the region, n i the sample size of site i, l 1 (i) the at-site sample L-moments and t (i) , t 3 (i) , and t 4 (i) as sample L-moment ratios. Then the regional L-moment estimators are calculated utilizing weights proportional to the site's record length: 
Where t r R are regional average L-moment ratios. The regional average mean is set to 1, i.e. l 1 R = 1. Then the parameters of the regional frequency distribution are obtained using the estimators of regional L-moments.
The quantile estimates at site i are estimated by combining the estimates of μ i and q(·). The estimate of the quantile with nonexceedance probability, F i , is: 
